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Abstract 
Spatial and temporal in-vivo variation of biochemical signals affects cellular behavior and responses in live systems. 
To study the biological phenomena, a micro-electro-mechanical device that could generate a gradient according to 
extracellular spaces is highly desirable. Microfluidic platforms have been widely used in cellular biology research 
because of their advantages to mimic in-vivo environments. This paper discusses the recent microfluidic devices 
which have been developed as gradient generators with emphasis on new aspects of design to achieve a stable, 
reproducible, and controlled gradient profile for biochemical cues. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
 
Keywords: Micro-electro-mechanical system; microfluidics device; cell culture; gradient generator; biological assay 
1. Introduction 
Microfluidic devices have been applied to a number of areas particularly cellular biology [1-4]. Fluid 
behavior inside the micro-scale structure of microfluidic devices results in laminar flow of liquids and 
diffusion driven mixing and fast energy dissipation. Furthermore, small reagent usage in these systems 
enables cost-effective, highly compact and integrated systems [5]. Polydimethylsiloxane (PDMS) has 
been used to manufacture microfluidic devices due to its low-cost, ease of patterning through soft-
lithography, and gas-permeability [6]. Tissue cells are exposed to biochemical cues that exist in 
extracellular spaces. The concentrations of these biochemical signals such as growth factors, chemokines 
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and hormones change spatially and temporally. The cellular behavior depends on in-vivo gradients of 
these signals [7-9]. Microenvironments could be used to mimic cell-cell or cell-extra cellular matrix 
(ECM) interactions in tissues. Generating gradients inside microfluidic devices could be accomplished by 
streams of laminar flow or by diffusive transport of molecules between a source and sink with different 
concentration. Mixing in steams of laminar flow depends on diffusion between two streams which could 
be well-controlled in the absence of turbulent mixing. In another approach, high fluidic resistance 
microchannels, hydrogels or other barriers are used to make a free-convective flow region between a 
source and a sink. There exist a number of excellent reviews of biomolecular gradients in cell culture 
microsystems [10-11]. In this paper, microfluidic devices for generating gradients for cell culturing, and 
specifically those microfluidic platforms designed in recent years are reviewed.  
2. Gradient-Generating Devices Based on Streams of Laminar Flow 
Wang et al. [12] designed a microfluidic chip featuring laminar flow based parallel gradient-generating 
networks. The microchip consists of 5 gradient generators and 30 cell chambers with a series of weir 
structures for improving cell seeding. Chung et al. [13] described a gradient-generating microfluidic 
device for evaluating the proliferation and differentiation of neural stem cells (NSCs) in a continuous 
concentration gradient of known growth factors. It consists of a gradient-generating microchannel 
network and a cell culture area near the bottom. Ruan et al. [14] designed a microfluidic chip for studying 
cellular response to chemical concentration gradients. The device consists of an up-stream gradient-
generating module and a cell culture module. Successive steps of diffusive mixing between adjacent 
laminar flow streams occurred in the long channels, and different concentrations of the chemical reagent 
come into the adjacent cell culture chambers. Park et al. [15] built a microfluidic platform generating 
stable concentration gradients of various signaling molecules by balancing the capillary action and 
hydraulic pressure in the inlet reagent reservoirs.  Two solutions with different concentrations are injected 
into the main channel by an osmotic pump. Li et al. [16] presented a microfluidic device for generating 
multi-molecular gradients of permissive and inhibitory cues for guiding neurite outgrowth. Solutions were 
injected into inlets and the molecular concentration varied linearly across the width of each gradient 
channel. Results showed that neuritis responded toward regions of lower inhibitory chondroitin sulfate 
proteoglycan (CSPG) and higher permissive laminin (LN) concentrations. Park et al. [17] described a 
versatile method to study the generation of chemical concentration and mechanical shear stress gradients 
in a microfluidic chip. An osmotic pump that produced very slow and controlled flow was used for stable 
diffusion of specific chemical concentration. The device consists of two inlet ports, one outlet port and a 
main circular channel. Dai et al. [18] developed a microfluidic device for the generation of stepwise 
concentration gradients of drugs for studying cell apoptotic processes simultaneously under different drug 
concentrations. The bottom layer of the device is a “ladder” shape fluidic channel network with four fluid 
inlets/outlets. The top layer consists of three groups of microvalves for controlling the fluid flow. 
Stepwise gradient of drug concentration is created along the system. Wang et al. [19] described a 
microfluidic device for generating precise gradients of soluble guidance cues for complex growth cone 
responses. The device consists of a gradient generating network, a symmetric cell seeding network and a 
chamber for cell culturing and chemotaxis observation. The top layer contains pneumatic control valves 
which can control the flow in the bottom layer channels. An array of micro-wells for reducing the shear 
stress is wet-etched in the glass coverslip where xenopus embryonic spinal neurons were seeded. Cooksey 
et al. [20] reported a multipurpose computer-controlled microfluidic perfusion device with combinatorial 
choice of inputs, mixtures, gradient patterns, and flow rates. The three-layer PDMS device contains 
normally closed microvalves, a multiplexer for merging fluid inputs, a chaotic micromixer, a central 
chamber and a microfluidic resistor for controlling fluid flow rates.   
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3. Gradient-Generating Devices Based on Diffusion 
Microchennels as Barriers: Species can diffuse through interconnected micro-channels as barriers for 
convective flow. Cimetta et al. [21]   developed a microfluidic device to generate stable and predictable 
concentration gradients at low hydrodynamic shear. Two parallel laminar flow streams of culture medium 
at two different concentrations form the gradient in a culture area. An array of perpendicular 
microchannels connects three channels to facilitate diffusion of molecular species to the middle channel 
as the cell culture area. Bhattacharjee et al. [22] developed a gradient-generator device for axonal 
responses of mouse cortical neurons. The microfluidic device has an open reservoir, two microchannels 
as source and sink and two arrays of microchannels as micro-jets on either side of the reservoir. Stable 
gradients of diffusible molecules with negligible shear stress could be generated inside the open chamber 
at the surface level. Millet et al. [23] demonstrated stable surface-bound gradients of laminin that guide 
postnatal hippocampal neuron development in vitro using a microfluidic device. Their device consists of 
three parallel channels that are connected with microchannels. 
Gradient Inside Hydrogel: Hydrogels as 3D environments can be used to produce gradients of 
biochemical cues. Kothapalli et al. [24] designed a microfluidic device to study neurite guidance under 
chemogradients with a steep gradient of guidance cue insensitive to external changes. It consists of a T-
shaped gel region and three channels. The guidance diffuses through the gel and creates a gradient across 
it. By emptying left and right channels, a flow through the gel could be created. A gradient of guidance 
cue was generated orthogonal to the direction of neurite growth. Fig. 1 shows a simple design of a 











Fig. 1. A simple design to generate gradients inside a hydrogel: (a) SU-8 master, (b) PDMS device, (c) circular chamber for mixture 
of hydrogel and cells with barriers for keeping the gel solution inside the chamber and generating patterns of gradients 
 
Hydrogels as Barriers: Tan et al. [25] developed a microfluidic channel system with patterned 
hydrogel, enable to generate temporally and spatially stable concentration gradients. The device includes 
parallel source and sink microchannels connected by 24 perpendicular cross-channels. Hydrogel barriers 
patterned at either end of each cross-channel. They used a fluorescent glucose to show the capability of 
the system for cell-based studies.
Diffusion with Balanced Input Flow Rates: Atencia et al. [26] presented a microfluidic device 
capable of generating stable and multiple gradients simultaneously. It has a circular chamber with three 
access ports fabricated in glass. The flow rates through inlet and outlet at each convection unit are 
balanced; thus, a diffusive gradient develops across the microchannel and remains constant as long as the 
flows and concentrations of solutes at each convection unit remain constant. With shape modification of 
the chamber and altering the position and size of the access-ports, overlapping gradients could be 
generated. They used the device to study the chemotactic response of the bacteria.
Diffusion through Membranes: A membrane with a proper pore size is a good barrier for molecules to 
diffuse through it. Kim et al. [27] described a microfluidic device for cell culture and chemotaxis studies 
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of neutrophils. The source and sink medium channels were separated from observation chamber by 
vertical membranes. Kim et al. [28] presented a microfluidic device for generating steep gradient of small 
molecules by confronting two streamline of fluids with different chemical concentrations. Gradient 
generation channel and cell culture channel were separate by a polyester membrane. Two fluid flows 
meet in the center of the device, creating a boundary parallel with the diagonal of the bottom chamber.  
4. Considerations for Designing Microfluidic Gradient Generators  
Table 1 gives a comparison of the gradient generators. One of the advantages of the flow based devices 
is their ability to produce stable gradients as long as the input flows are continuously provided. The 
profiles of gradients inside these devices can be tuned and dynamic modulation of the profile is possible. 
The drawbacks of these gradient generators include removing the autocrine and paracrine factors by flow, 
and affecting the viability of cells by induced shear stress. To overcome these problems, grooves and 
wells inside cell chambers are used to reduce the shear stress effect on the live cells [19]. Diffusion based 
gradient generator devices have simple designs which makes them user friendly. There is no need for 
peripheral equipment for input solute flow, and cells are not under the influence of shear stress.  
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